Abstract. In practice, it is a major challenge in real-time simulation and prediction of bridge pier scour depth, especially using 3-D numerical model. The simulation time spend too much to use 3-D numerical model simulation and inefficiently to predict bridge pier scour depth in real-time. With heavy rainfall during flood season in Taiwan, abundant sediment with flash flood from upstream watershed is transported to downstream river reaches and transportation time is limited within one day. The flood flow tends to damage bridge structures and affect channel stabilization in fluvial rivers. In addition, the main factors affecting the erosional depth around bridge piers and river bed stabilization are hydrological and hydrographic characteristics in river basin, the scouring and silting of river bed section near the bridge piers, the bridge geometry and protection works of bridge piers. Therefore, based on the observed rainfall data provided by the Central Weather Bureau and the hydrological conditions provided by the Water Resources Agency during flood event as the boundary condition, we develop an effective simulation system for scour depth of bridge piers. The scour depth at the bridge pier is observed by the National Center for Research on Earthquake Engineering for model calibration. In this study, an innovative scour monitoring system using vibration-based Micro-Electro Mechanical Systems (MEMS) sensors was applied. This vibration-based MEMS sensor was packaged inside a stainless sphere with the proper protection of the fullfilled resin, which can measure free vibration signals to detect scouring/deposition processes at the bridge pier. It has demonstrated that the measurement system for monitoring bridge scour depth evolution is quite successful in the field.
Introduction
With heavy rainfall during flood season in Taiwan, abundant sediment with flash flood from upstream watershed is transported to downstream river reaches and transportation time is limited within one day. The flood flow tends to damage bridge structures and affect channel stabilization in fluvial rivers. In addition, the main factors affecting the erosional depth around bridge piers and river bed stabilization are hydrological and hydrographic characteristics in river basin, the scouring and silting of river bed section near the bridge piers, the bridge geometry and protection works of bridge piers. Therefore, bridge scour occurs in fourth main forms, namely, general scour, contraction scour, bend scour and local scour (Prendergast and Gavin, 2014) . In general, the general scour, contraction scour and local scour are the main courses of bridge scour. The general scour occurs naturally in river channels and includes the aggradation and degradation of the river bed. The general scour occurs as a result of changes from the hydraulic parameters of flow rate and sediment quantity in the channel (Forde et al., 1999) . It relates to the evolution of the flow field and associates with the progression of scour and refilling around absence of obstacles (Federico et al., 2003) . Contraction scour occurs as a result of the reduction in the channel's cross-sectional area that arises due to the construction of bridge piers and abutments. The contraction of crosssectional area induces an increase in flow velocity and results an increase in river bed shear stresses. This condition caused by a reduction in the channel's cross-sectional area at the location of a bridge. The increasing shear stresses can overcome the channel bed's threshold shear stress and mobilize the sediments in river channels (Briaud et al., 1999) . Local scour occurs around individual bridge piers and abutments. Downward flow is induced at the upstream end of bridge piers, leading to much localized erosion in the direct vicinity of the structure (Hamill, 1999 ) (see Fig. 1 ). Horseshoe vortices occur owing to the separation of the flow at the edge of the scour hole upstream of the pier and result in forcing the down-flow inside the scour hole closer to the pier. Horseshoe vortices are a main result of initial scouring. Furthermore, separation of the flow at the sides and back of the bridge pier results in wake vortices and occurs the scour as horseshoe shape (Heidarpour et al., 2010) . Comparison of the general scour, contraction scour and local scour, the local scour is the main reason to result in most part of bridge scour. The hydraulic parameters of local scour includes the diameter of bridge piers, incoming flow depth and flow velocity and grain sizes. Therefore, how to measure or simulate the flow depth and flow velocity are the main keys and challenges in the field.
In this study, based on the observed rainfall data and the rainfall runoff routing, we develop a simulation system with empirical formulas for scour depth of bridge piers and compare to an innovative monitoring results. 
Study area
Prediction of bridge pier scour depth and field scour depth monitoring was conducted at the Mingchu Bridge which is in the middle Cho-Shui River, the longest river in Taiwan as shown in Fig. 2. (a) . The watershed above the Mingchu Bridge is about 2105 km 2 . The Chi-Chi weir is located approximately 6.5 km upstream of the Mingchu Bridge and is the upstream boundary location of this study. Because of no tributary flows between the weir and the bridge, the flow discharge measured at the Chi-Chi Weir is nearly the same as the flow at the bridge. However, the downstream river reach has two tributaries flow into the main river. Therefore, the tributary discharge are given from the field measurement data at Yanping and Longmen bridges. The downstream boundary condition of water level is set at Tai No.61 Western Coast Expressway. The median size of bed material around Mingchu Bridge, d50, was about 62 mm, indicating a highly non-uniform gradation (National Center for Research on Earthquake Engineering, 2012). The Mingchu Bridge is situated in the flood channel and it consists of 13 spans and 12 cylindrical columns (2.8 m in diameter). Each column rests on a piled foundation (12 m cap width) buried below the streambed (Hong et al., 2014) . In addition, the character of monitoring system should possess high durability and high sensitivity property. To take requisite precautions against such catastrophic conditions, a monitoring system that can reliably detect scour formation, without being adversely affected by the environmental conditions, is essential (Fisher et al., 2013) . Since 2016 , applications of flood disaster monitoring technology and early warning simulation in Cho-Shui River basin is started to investigate. The monitoring sensor of bridge pier scour and numerical model are implemented to study the prediction of bridge pier scour depth. As a result, in this study, the development principle is that a Micro-Electro-Mechanical System (MEMS)-based vibration sensor by the turbulent flow vibrates at significantly higher amplitudes surrounded by bridge piers up and down the river bed (Lee et al., , 2017 . The sensor setup located at the P4 bridge pier of Mingchu Bridge and setup depth ranged from river bed to the elevation level (EL.) 143m, the deepest monitoring depth is constrained at EL. 143m (as shown in 
Methods
Based on the observed rainfall data during flood event and the flood discharge forecast in river basin, we develop an effective simulation system for bridge pier scour depth. It consists of hydraulic model, general scour estimation, local scour estimation and contraction scour estimation. The details are described as following:
Hydraulic model
Most open-channel flows considering hydraulic scour depths are assumed shallow water and the effect of vertical flow motions are not calculated if the down flow along the bridge pier is implicated in hydraulic scour equations. In addition, for real time simulation and prediction, the simulation time is the main concerned factor. As a result, the 3D Navier-Stokes equations may be vertically averaged to obtain a set of depth-averaged and unit (1)
In which, ZB 1 and ZB 2 are water surface elevations at cross sections 1 and 2, respectively, VB 1B and VB 2 B are the average velocities at cross sections 1 and 2, respectively, B 1 and B 2 B are velocity distribution coefficients at cross sections 1 and 2, respectively, g is gravitational acceleration, hB f is friction loss between cross sections 1 and 2, hB c B is contraction or expansion losses between cross sections 1 and 2.
General scour estimation
There are two types of sediment routing available in SRH-1D (Jianchun and Blair, 2007) which are unsteady sediment routing and Exner equation routing. The unsteady sediment routing computes the changes to the suspended sediment concentration with time. The Exner equation routing ignores changes to the suspended sediment concentration over time. Unsteady sediment routing can be used when unsteady flow is being simulated and suspended concentrations change rapidly. When simulating unsteady flow or sediment transport, the changes in suspended concentration with time may be important. To compute the changes in suspended sediment concentration, the convection-diffusion equation with a source term for sediment erosion/deposition is used. The 1D depth-averaged convection-diffusion equation for a particular sediment size class is:
where c is depth averaged concentration, A is cross section area, Q is the flow rate, f is the fraction of suspended load, DxB is diffusion coefficients streamwise directions, The parameter, , is the velocity of sediment relative to the water. Finally,  is the source (erosion) and sink (deposition) terms for one sediment constituent.
Local scour estimation
The local scour depth evolution at the pier nose under unsteady flow is computed by a specific position proposed by Froehlich (1991) 
Contraction scour estimation
The contraction scour depth evolution at the pier nose under unsteady flow is computed by a specific position proposed by Laursen (1958) . The hydraulic patterns around bridge piers that calculated by SRH-1D are applied to estimate the contraction scour depth. The adapted contraction scour depth formula is described as following: Q is incoming discharge(m 3 /s), 2 Q is discharge between bridge piers(m 3 /s), B1 is the width of water surface (m), B2 is the width between bridge piers (m), 1 n is Manning coefficient of upstream river reach, 2 n is Manning coefficient of bridge pier reach, k1 and k2 are the ratio of shear velocity and fall velocity.
Results and discussions
For model calibration and verification, the scour depth at the bridge pier is observed by the National Center for Research on Earthquake Engineering. In this study, an innovative scour monitoring system using vibration-based Micro-Electro Mechanical Systems (MEMS) sensors were applied. Figure 3 and 4 show the results of bridge pier scour depth by field monitoring data at the Mingchu Bridge during Typhoon NEPARTAK and Typhon MEGI in 2016. The boundary conditions are listed in Fig. 3 and Fig. 4 . It seems that the depth of bridge pier scour is accompanied with hydrological patterns. The circle symbol presents the hydrograph of field scour depth monitoring data and it consists of the scour and deposition process during typhoon events. Due to the monitoring system development of bridge pier scour depth is from river bed to the EL. 143m, the deepest monitoring depth is constrained at EL. 143m. So, we do not measure the deepest bridge scour depth during these two typhoon events. Based on the field monitoring data, the total scour depth is about 0.5m in both two typhoon events. In addition, the vertical distance of sensors is 0.5m. It means that the performance of measured scour and deposition interval is also 0.5m. According to the monitoring data, the scour and deposition processes seems to follow the discharge hydrograph and the scour rate is higher than the deposition rate. However, the scour duration is shorter than the deposition duration. It means that reaction time of management office for the bridge safety is limited during bridge scour process. So, if the warning system of bridge safety is based on field monitoring system, the reaction time is very limited. Therefore, we develop a 1-D numerical model with empirical equations to predict the bridge scour depth for real time simulation in this study. The adapted rainfall data in the watershed is provided by the Central Weather Bureau and hydrological conditions are provided by Water Resources Agency. We also applied the Semi-distributed Parallel-type Linear Reservoir Runoff Model (Hsieh, 1999) 
Conclusions
Based on the field survey data of hydrological condition and bridge pier scour depth measurement, we apply SRH-1D model combined with the formulas of local scour depth and contraction scour depth to calibrate and verify the parameters. The results show that the innovative scour monitoring system using vibration-based Micro-Electro Mechanical Systems (MEMS) sensors can present the depth sequence of scouring and deposition around bridge pier during typhoon induced flood event. In addition, the adapted numerical model and formulas can appropriately simulate the variation of bridge pier scour depth. Therefore, the prediction module of bridge pier scour depth and the system of field scour depth monitoring are developed. For practice, based on the rainfall prediction before flood event and the flood forecast in river basin, we can have an effective prediction system for scour depth of bridge piers in the future. Besides, the MEMS technology can provide real time bridge pier scour depth and could be helpful for the assessment of bridge safety. 
